Numerous observational studies have suggested that there is a correlation between the level of serum vitamin D and MS risk and disease activity. To explore this hypothesis, a literature search of large, prospective, observation studies, epidemiological studies, and studies using new approaches such as Mendelian randomization was conducted. Available data and ongoing research included in this review suggest that the level of serum vitamin D affects the risk of developing MS and also modifies disease activity in MS patients. Newer Mendelian randomization analyses suggest there is a causal relationship between low vitamin D level and the risk of MS. Post-hoc evaluations from two phase 3 studies, BENEFIT and BEYOND, support the findings of observational trials. Study limitations identified in this review recognize the need for larger controlled clinical trials to establish vitamin D supplementation as the standard of care for MS patients. Though there is increasing evidence indicating that lower vitamin D levels are associated with increased risk of MS and with greater clinical and brain MRI activity in established MS, the impact of vitamin D supplementation on MS activity remains inadequately investigated.
INTRODUCTION
Knowledge of the widespread effects of vitamin D on skeletal and non-skeletal functions, including immune functions, has developed considerably over the past 3 decades. Higher levels of vitamin D are associated with reduced risk for developing multiple sclerosis (MS), and with reduced clinical activity in established MS, including decreased risk of relapse and reduction in disease activity on brain MRI [1, 2] . Vitamin D supplementation may diminish the risk of MS in the general population, as well as in children of mothers supplemented before and during pregnancy [3] . In the information that follows, we will summarize the available data on vitamin D, with a focus on vitamin D's effects on the risk of onset of MS and on the disease course of MS.
Sources, Metabolism, and Biological Functions of Vitamin D
Vitamin D is a lipid-soluble vitamin, but acts like a hormone. Unlike a vitamin, which is an essential organic compound that cannot be synthesized by the body and must be ingested, vitamin D can be synthesized [4] . The active form of vitamin D, 1,25-dihydroxyvitamin D (1, 25 [OH] 2 VD), also known as calcitriol ( Fig. 1 ) [5] has chemical similarities to typical hormones such as testosterone, estrogen, and cortisol [6] . The main sources of vitamin D are sunlight, diet, and supplementation ( Fig. 2 ) [7] . UVB in the 290-315-nm range photolyses 7-dehydrocholesterol in the skin to form previtamin D3, which then isomerizes to vitamin D3 or cholecalciferol [8] . Foods rich in vitamin D include fatty fish (e.g., salmon, mackerel), cod liver oil, egg yolk, and shiitake mushrooms. The plant form of vitamin D is called vitamin D2 or ergocalciferol [9] . Cholecalciferol and ergocalciferol are also available from fortified foods (e.g., milk, cereal, some orange juice, and cheeses) and vitamin supplements.
Relative to sun exposure, diet is a poor source of vitamin D, providing only 40-400 IU per food serving, whereas whole-body UVB exposure for 20 min for a light-skinned person during the summer months will produce upwards of 10,000 IU of vitamin D [7, 10] . However, UVB exposure and vitamin D production through the skin may be reduced with increased skin pigmentation, age, use of sunscreen, and environmental factors such as winter season, high latitude, pollution, cloud cover, and ozone levels [7] . For instance, sun exposure during most of the winter at latitudes above * 33°North (e.g., Atlanta, GA, USA; Casablanca, Morocco) and below * 33 degrees South (e.g., Santiago, Chile; New South Wales, Australia; Southern Cape of Africa) provides minimal, if any, vitamin D production [11] .
Both forms of vitamin D, cholecalciferol, and ergocalciferol are biologically inactive and undergo an enzymatic transformation in the liver to 25(OH)D (calcidiol). Stimulated by parathyroid hormone, 25(OH)D goes through a second hydroxylation in the kidney or other tissues to 1,25(OH) 2 VD (also known as calcitriol if derived from vitamin D3), which is the active metabolite (Figs. 1 and 2) [5, 7] . 1,25(OH) 2 VD has a half-life of several hours, while 25(OH)D has a relatively long half-life (20-60 days) , and thus more accurately exemplifies the overall vitamin D stores in the body. This supports the standard practice of measuring 25(OH)D in serum, and represents an integrated measure of vitamin D derived from both UVB exposure and diet. As a side note, most assays that evaluate 25(OH)D do not discriminate between the original forms of vitamin D (vitamin D3 or D2). [5] However, the latter is usually a minor component because natural sources of ergocalciferol are scarce, and ergocalciferol is more rapidly catabolized than cholecalciferol [7] .
The active metabolite 1,25(OH) 2 VD is released into the bloodstream and transported in the blood. It binds to the vitamin D binding protein in blood and on the surface of target tissues. 1,25(OH) 2 VD mediates its biological effects by binding to intracellular vitamin D receptor (VDR), which then recruits cofactors to form a transcriptional complex that binds to vitamin D response elements [12] . This association regulates the expression of at least 500 genes that drive a variety of physical functions [7] . The VDR is found in almost all human tissues, not just those participating in the classic actions of vitamin D, such as bone, gut, and kidney. The non-classic actions of VDR can be allocated to three main categories: regulation of hormone secretion, regulation of immune function, and regulation of cellular proliferation and differentiation [12] .
Vitamin D deficiency has been classically attributed to bone health. In the early 1900s, rickets, a consequence of vitamin D deficiency, was very common among children in industrialized cities, and observations were made that sunlight exposure or cod liver oil may help to prevent this condition [10] . Other musculoskeletal consequences of vitamin D deficiency include secondary hyperparathyroidism, increased bone turnover, bone loss, and risk of low-trauma fractures. Today, we understand that VDR is widely distributed throughout the human body and involved in many biological functions. Vitamin D deficiency has been associated with numerous diseases including cancers, cardiovascular diseases, type 2 diabetes mellitus, infectious diseases, mental disorders, and autoimmune disorders such as type 1 diabetes mellitus, Crohn's disease, and MS [10, 13] . These diseases are all linked to vitamin D levels that are sufficient to prevent rickets, but are still suboptimal. Curiously, as rickets is no longer a problem, one might assume that the vitamin D deficiency problem is also no longer an issue. However, now that we know that autoimmunity may be related to low vitamin D levels, and that the incidence of autoimmune diseases has increased, we must consider if there is a higher vitamin D threshold related to autoimmunity, , and thus more accurately exemplifies the overall vitamin D stores in the body [7] . Reprinted from [7] , with permission from Elsevier or if the environment changed since the Industrial Revolution.
Roles of Vitamin D in Immunity
Since multiple sclerosis (MS) is considered an autoimmune disease, it is of interest to review briefly the potential effects of vitamin D related to immune function. The active form of vitamin D plays an essential role in lymphocyte activation and proliferation, T-helper cell differentiation, tissue-specific lymphocyte homing, the production of specific antibody isotypes, and regulation of the immune response [14] . Targeted immune cell types include macrophages, dendritic cells, and T and B cells. Mora and colleagues (Fig. 3 ) [14] summarized the roles and effects of vitamin D on these immune cell types [14] :
• Macrophages and dendritic cells (DCs) constitutively express VDRs, whereas VDR expression in T cells is upregulated only after activation.
• 2 VD blocks B cell proliferation, plasma cell differentiation, and immunoglobulin production. Notable in the context of this review, many of the mechanisms of vitamin D on immune processes have similarities to mechanisms described for interferon-beta [15] .
Definition of Vitamin D Deficiency and Targeted Levels of Vitamin D
The clinical definition of vitamin D deficiency and what constitutes optimal levels has been the subject of debate. Two organizations, the Institute of Medicine (IOM) and the Endocrine Society, have released separate recommendations regarding vitamin D requirements [4, 11, 16] . Blood levels of 25(OH)D as suggested by the IOM and the Endocrine Society and the recommended dietary allowances (RDAs) by both organizations are provided in Table 1 [4, 11, 16] .
The foundational basis for the recommendations by these two organizations are fundamentally different. The IOM guidelines based their recommendation on a population model and focused on bone health (calcium absorption, bone mineral density, and osteomalacia/rickets) aiming to prevent vitamin D deficiency in 97.5% of the general population. Based on the model applied, no evidence was found that a serum 25(OH)D concentration[20 ng/mL (50 nmol/L) had beneficial effects at a population level. Therefore, the IOM concluded that the daily requirements for vitamin D were adequate to reach the ''sufficient'' 25(OH)D level of 20 ng/mL (50 nmol/L), and that these levels were generally attained by most of the population [4, 16] .
Alternatively, the Endocrine Society concluded that a level of 20 ng/mL (50 nmol/L) was not sufficient. The Endocrine Society based their recommendations on a medical model taking into consideration available evidence on skeletal and extraskeletal effects of vitamin D, in addition to the few negative studies. Moreover, they took into consideration the low toxicity potential of vitamin D supplementation. In their view, serum 25(OH)D levels of C 30 ng/mL (C 75 nmol/L) are ''sufficient'' for children and adults, levels of 40-60 ng/mL (100-150 nmol/L) are ''ideal'' (considering assay variability), and levels of up to 100 ng/mL (250 nmol/L) could be considered ''safe'' [11, 13] .
The Endocrine Society advocates for screening and corrective action for individuals at risk of vitamin D deficiency. Such individuals ; and patients with musculoskeletal diseases, chronic kidney disease, hepatic failure, malabsorption syndromes, and some lymphomas [11] . Furthermore, the group recommends supplementation at suggested daily intake and tolerable-upper-limit levels, depending on age and clinical circumstances (Table 1) [4, 11, 13, 16] .
Supplemental Vitamin D
The recommended dietary allowance (RDA) for vitamin D and the tolerable-upper-limit levels vary with age and under certain circumstances such as those involving pregnancy, obesity, or comorbidities. A daily dose of 600-800 IU should satisfy the requirements for optimal bone health [16] , but a higher intake (1000-2000 IU) is needed to achieve and maintain 25(OH)D levels[30 ng/mL (75 nmol/L) [11] . Vitamin D supplements can be administered daily, weekly, monthly, or every 4 months to reach an adequate serum 25(OH)D concentration. For cases of extreme vitamin D deficiency, a bolus application of vitamin D has been proposed, but a steady-state serum 25(OH)D concentration is more likely to be maintained by more frequent, lower doses of vitamin D [13] . Vitamin D3 (cholecalciferol) is widely preferred over vitamin D2 (ergocalciferol), as it has proven to be the more potent form of vitamin D in all primate species, including humans [17] . Vitamin D supplementation at doses of 1500-2000 IU/day for adults as suggested by the Endocrine Society appears to be well tolerated, with relatively minor concerns about toxicity for most patients [11] . [11, 19, 20] . Vitamin D intoxication is characterized by hypercalcemia, hypercalciuria, and hyperphosphatemia and in the long term, can lead to soft tissue and vascular calcification and nephrolithiasis [13] . After review of available literature, the Endocrine Practice Guidelines Committee concluded that vitamin D toxicity is a rare event caused by inadvertent or intentional ingestion of excessively high amounts of vitamin D [11] . Concerns were expressed for people with 25(OH)D levels of 150 ng/mL (375 nmol/L) or higher, when daily doses of vitamin D exceed 10,000 IU or when high intake of vitamin D is combined with high intake of calcium. A dose-ranging study reported that 10,000 IU/day of vitamin D3 for 5 months in healthy men did not alter their serum calcium or their urinary calcium excretion, which is the most sensitive indicator for potential vitamin D intoxication [21] . However, there is a paucity of evidence supporting the use of higher levels of vitamin D over a prolonged time [11] .
Safety findings in three studies conducted in patients with MS using doses of vitamin D above 10,000 IU/day are noteworthy. One open-label trial of vitamin D in patients with MS evaluated the safety of a dose-escalation protocol from 4000 to 40,000 IU/day (mean of 14,000 IU/day).
Concomitantly, patients received 1200 mg of calcium per day vs. a control group (allowed up to 4000 IU/day of vitamin D and supplemental calcium if desired) over 1 year [22] . All calcium-related measures within and between groups were normal. Despite a mean peak 25(OH)D level of 165 ng/ mL (413 nmol/L), no significant adverse events occurred. The safety results were in line with a previously conducted, smaller study in 12 patients with MS also using doses of up to 40,000 IU [23] . In the third study, 15 patients with relapsing-remitting MS (RRMS) were supplemented with 20,000 IU/day of vitamin D3 for 12 weeks [24] . The median vitamin D level increased from 50 nmol/L (range: 31-175 nmol/L) at week 0-380 nmol/L (range: 151-535 nmol/L) at week 12 (P\0.001). All patients completed the observation period without side effects, hypercalcemia, or hypercalciuria [24] .
There are cases in the literature in which exceptionally high doses (considerably above the daily upper limit of 10,000 IU) led to vitamin D toxicity: • Bell and coworkers described a 67-year-old woman with vitamin D intoxication. Because of a compounding error by the pharmacy, the woman had taken 600,000 IU (rather than the intended 600 IU) of cholecalciferol daily for more than 3 years, leading to reversible hypercalcemia and partially reversible renal impairment [25] .
• Fragoso and colleagues reported considerable vitamin D toxicity in 21 MS patients who were exposed to levels ranging from 8000 IU/day to extremely high, supra-physiological doses of 150,000 IU/day (average 87,000 IU) [26] . In order to assess the correlation between vitamin D and MS, a literature search of large, prospective, observational studies, epidemiological studies, and studies using new approaches such as Mendelian randomization was conducted.
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VITAMIN D LEVELS AND MS SUSCEPTIBILITY

Epidemiologic Study Data
Epidemiologic studies substantiate that the prevalence of MS is greater at higher latitudes and tends to peak in areas with the lowest exposure to ultraviolet light [27] [28] [29] [30] [31] [32] . Additionally, to some degree, diets rich in vitamin D-containing oily fish may offset this risk [27, 28] . In ''historical'' cohorts, the risk of MS decreased among people who migrate from higher to lower latitudes [33] . However, this latitudinal finding has appeared to decline in recent decades and may be linked to an increased trend towards avoiding sun exposure or staying indoors for longer portions of the day, even in warmer climates [7, 34] .
An Australian case-control study examined whether leisure sun exposure, combined with 25(OH)D status impacts the risk of a first demyelinating event and whether this was related to a latitude gradient [35] . Independently, higher levels of sun exposure (past, recent, and cumulative), higher actinic skin damage and higher 25(OH)D levels were associated with significantly reduced risks of a demyelinating event. The investigators calculated that the differences in leisure sun exposure, serum 25(OH)D level, and skin type would additively account for a 32.4% increase in the incidence of first demyelinating events from the low to high latitude regions in Australia [35] . The independent association of sun exposure and MS risk suggests that UV light itself may influence MS risk. Partially supporting this is research that showed that experimental autoimmune encephalitis (EAE) could be prevented in mice through whole-body irradiation with UV light [36] . However, this research did not discriminate between vitamin D-related and nonrelated effects of UV light. The research did note that in the Northern Hemisphere, significantly more people with MS are born in May (9.1%), when there is less sunlight during pregnancy than in November (8.5%), when there is an increased amount of sunlight [37] . Some argue that this is an artifact of more births during certain months [38] though others disagree [39] .
Dietary Intake of Vitamin D and MS Risk
Using data from two large cohorts of the Nurses' Health Study involving more than 187,000 women (including 300 who developed MS during the study), Munger and colleagues evaluated the association between calculated vitamin D intake from diet or supplements and the risk of developing MS [40] . Women who had a higher intake of dietary vitamin D (approximately 700 IU/day) had a 33% lower incidence of MS compared with those with lower intake. In addition, women who used vitamin D supplements (C 400 IU/day) had a 41% reduced risk of developing MS compared to non-users. Having higher levels of 25(OH)D (irrespective of dietary vitamin D intake) also seems to predict a lower risk of MS onset. Using a longitudinal study design, Munger and colleagues evaluated serum vitamin D levels derived from blood samples of seven million US military personnel. Those with 25(OH)D levels greater than 100 nmol/L (40 ng/mL) had a 62% lower chance of subsequently developing MS [1] .
Vitamin D Levels During Pregnancy and MS Risk in Offspring
The Finnish Maternity Cohort is a comprehensive registry, established in 1983, that includes more than 800,000 women and more than 1.5 million serum samples. This cohort also served as a basis for examining the association of vitamin D levels during pregnancy and MS risk [3] . One hundred ninety-three patients with a diagnosis of MS, whose mothers were captured in the registry and had an available serum sample from the pregnancy with the affected child, were matched with 326 controls. Vitamin D levels were low in both groups, but lower in the mothers of MS patients than in controls [34.6 nmol/L (13.9 ng/mL) vs. 37.5 nmol/L (15.0 ng/mL); P = 0.006]. Moreover, MS risk was 90% higher in the offspring of vitamin D-deficient mothers [25(OH)D\30 nmol/L (12.0 ng/ mL)] compared with offspring of mothers who were not vitamin D deficient [relative risk, 1.90; 95% confidence interval (CI), 1.20-3.01; P = 0.006] [3] . These data suggest that insufficient vitamin D levels during pregnancy may increase the risk of MS [3] .
The association between neonatal 25(OH)D status and risk of MS was examined in a large population-based case-control study using data from the nationwide Danish MS Registry and the Danish Newborn Screening Biobank (DNSB) [41] . Data from 521 patients with MS and 972 controls were investigated. The analysis by quintiles revealed individuals with the highest risk of MS were in the lowest quintile group of 25(OH)D (\20.7 nmol/L), and individuals the lowest risk were in the highest quintile group (C 48.9 nmol/L); with an odds ratio for highest vs. lowest group of 0.53 (95% CI 0.36-0.78). Children born with 25(OH)D levels\30 nmol/L seemed to be at an especially high risk of developing MS. The additional benefits of higher levels of 25(OH)D were less pronounced [41] .
Studies Utilizing Mendelian Randomization to Measure MS Risk
Data on vitamin D and risk of MS have been largely based on observational studies that measure an inverse association. However, MS is identified as the primary cause of low 25(OH)D) and thus cannot be excluded with these methods. Mendelian randomization (MR) analyses use genetic associations to test the effects of biomarkers, such as 25(OH)D, on the risk of disease, because inherited alleles are not affected by most confounding variables or disease status [42, 43] . Thus, the possibility of confounding or reverse causation can largely be excluded. Three recent publications made use of this epidemiological approach. Mokry and colleagues applied genome-wide data on genetic variants that predicted blood 25(OH)D levels from the Canadian Multicentre Osteoporosis Study to participants in the International MS Genetics Consortium study [42] . They found that a genetically determined decrease in blood 25(OH)D level predicted increased MS susceptibility. An increase of 25(OH)D levels by 50% decreased the odds of getting MS by approximately 50% [42, 44] . Similar findings were seen from MR analyses using data from two populations, a US administrative claim database and two population-based case-control studies from Sweden [45] . The third publication, from the Network of Pediatric Multiple Sclerosis Centers, again investigated the US and Swedish datasets [43] . Genetic risk scores were used to estimate the causal association between low 25(OH)D levels and pediatric-onset MS. This data also supports independent and causal effects of decreased 25(OH)D levels on susceptibility to pediatric-onset MS [43] .
Studies Contradicting the Association of Vitamin D Levels with MS Risk
Ueda and colleagues investigated the link between vitamin D status at birth and risk of adult-onset MS in a population-based, multicenter, case-control study in Sweden [46] . The authors analyzed stored neonatal dried blood samples of 459 MS subjects and 663 controls (matched on sex, age, and residential area). There was no association between neonatal serum 25(OH)D quintiles and risk of MS as adults. When the findings were adjusted for confounding factors in early life (e.g., month of birth, latitude of birth, and breastfeeding), in adult life (e.g., sun exposure, intake of vitamin D-rich dairy products, fatty fish consumption, smoking, and body mass index at 20 years of age), ancestry, MS heredity, and socioeconomic group, results were not considerably affected [46] . Whether the study provided conclusive results was the subject of debate for two primary reasons: (1) blood samples at birth were not well preserved and may have been affected by substantial degradation of 25(OH)D; and (2) the range of 25(OH)D levels at birth was narrow and mostly low (mean = 29.7 nmol/L, median = 25.6, interquartile range = 17.0-38.4 nmol/L) [47] .
Optic neuritis (ON) is a common first symptom of MS. Pihl-Jensen and coworkers conducted a cross-sectional study to assess whether 25(OH)D levels can predict later development of MS in acute ON by evaluating the differences in mean serum 25(OH)D levels between subjects with ON (n = 164) and those with MS (n = 948) [48] . Deseasonalized serum 25(OH)D levels of the ON onset group were used for statistical analyses. The majority (56.1%) of the patients had 25(OH)D levels below 50 nmol/L (mean 47.64 ± 21.48 nmol/L). There were no significant differences in 25(OH)D levels between ON subjects who developed MS and those who did not develop MS during the median follow-up time of 741 days (P = 0.279), indicating no statistically significant effect on the hazard of MS development. However, significant associations were found between 25(OH)D levels and elevated IgG index levels or CSF pleocytosis, both markers of inflammatory activity or risk of MS. The interpretation of the latter finding was difficult due to the risk of reverse causation. Although the role of using 25(OH)D levels as a predictor for the development of MS after acute ON could not be demonstrated, the study data do suggest that there may be a link between development of MS after acute ON. They also provide a rationale for additional research for a possible role of vitamin D in the early stages of MS [48] .
Levels of Dietary Vitamin D Intake and Risk of MS-Implications for Public Health
Whether a daily dose of vitamin D or a gestational dose of vitamin D per day ''keeps the MS doctor away'' is not yet proven [49] . Additionally, it is not known what level of serum 25(OH)D would prevent MS in a large majority of individuals. Most studies in this review reported 25(OH)D levels below 50 nmol/L (20 ng/mL) in a significant proportion of their investigated populations, which is below the healthy minimum level. Indicating that establishing a target in the general population general population, pregnant women, and their offspring to achieve the minimum levels of 25(OH)D may be considered an important goal for health (i.e., 50 nmol/L (20 ng/mL), according to IOM [4, 15] or 75 nmol/L (30 ng/mL), according to the Endocrine Society) [11, 13] .
EFFECTS OF VITAMIN D STATUS AND MS DISEASE ACTIVITY
Understanding how existing vitamin D levels and vitamin D exposure affect clinical relapses and MS lesion activity is critically important to this review. As such, the findings from larger studies investigating these effects are summarized below.
Impact of Vitamin D Levels on Disease Activity in RRMS: Observational Studies
In a prospective longitudinal study from the Netherlands, 25(OH)D was measured every 8 weeks for a mean of 1.7 years in 73 patients with RRMS [50] . Fifty-eight patients experienced a total of 139 exacerbations during the study period. Relapse risk was significantly reduced in those with medium [50-100 nmol/L (20-40 ng/mL)] and high [[100 nmol/L ([40 ng/mL)] serum vitamin D levels (vs.\50 mol/L or 20 ng/mL) compared to those with low levels [50] . For each doubling of serum vitamin D concentration from baseline of 10, 20, 30, MS relapse risk decreased by 27%. Although this suggests a beneficial effect of vitamin D on MS, it must be noted that there is also a possibility that conditions associated with MS relapse had an effect on serum vitamin D levels [50] .
Incident rate ratios (RR) for relapse in relation to serum vitamin D levels were measured in a retrospective study of 110 patients with pediatric-onset MS [51] . After adjusting for several factors (age, gender, race, ethnicity, disease duration, and treatment), the authors found that every 10 ng/mL (25 nmol/L) increase in 25(OH)D level was associated with a 34% decrease in relapse risk. Similar findings were seen in a prospective cohort study from Tasmania, Australia, in a group of 145 adults with RRMS, in which 25(OH)D levels were measured twice a year for a period of 3 years [52] . For each 10 nmol/L increase in serum vitamin D level, there was an associated 12% lower risk of MS relapse. Adjustment for potential confounders, such as timing of the blood testing, did not affect the results. Most of the participants in this study (82%) were receiving immunomodulatory therapy. The authors concluded that raising 25(OH)D levels by 50 nmol/L could decrease the hazard of a relapse by up to 50% (Fig. 4) [52] .
The EPIC natural history study was a 5-year cohort study conducted at the University of California, San Francisco which sought to determine the associations between serum or plasma vitamin D levels and MRI activity in a group of 469 white, mostly non-Hispanic patients with MS or clinically isolated syndrome (CIS) [53] . Sixty-four percent received diseasemodifying therapy within the previous 12 months. Vitamin D levels increased significantly during the study, especially for those patients using supplements. Only 9% of patients were taking vitamin D supplements at baseline, but 43% were taking them by year 5. Patients who reported using vitamin D supplements had an 8.7 ng/mL (21.75 nmo/L) higher vitamin D level, on average, compared with those who did not. Additionally, lower vitamin D levels were strongly associated with development of new T2 lesions and with contrast-enhancing lesions on brain MRI. Each additional 10 ng/mL (25 nmol/L) increment of 25(OH)D was associated with a 15% lower risk of new T2 lesions and a 32% lower risk of enhancing lesions (Fig. 5) [53] . Higher vitamin D levels were associated with a lower (but not statistically significantly) risk of MS relapses. Findings from this study also showed strong ''withinperson'' effects of vitamin D levels in individual patients with MS. The authors concluded that ''individuals with CIS/RRMS with higher vitamin D levels are at much lower risk of the subsequent development of new lesions and of gadolinium (Gd?)-enhancing lesions on brain MRI, even after accounting for potential confounding factors'' [53] .
More recently, Mowry and colleagues examined the association of vitamin D levels with brain volume measures and new lesions in patients with CIS (N = 65) [54] . The scientific rationale for these data are based on the concept that brain volume is thought to reflect neurodegeneration better than classical MRI parameters such as T2 lesion load and Gd?-enhancing lesions [54] . Each 25-nmol/L increase in 25(OH)D level was associated with 7.8-mL higher gray matter volume (P = 0.025). Higher levels of 25(OH)D also were associated with the composite endpoint of C 3 new brain T2 lesions or C 1 relapse within 1 year (P = 0.096). Despite the limitations of the small sample size, these findings suggest that higher vitamin D levels in CIS may slow neurodegeneration [54] .
Lower vitamin D levels also correlate with other surrogates of MS disease activity, including lower odds of remaining relapse free in MS [55] , greater disability and disease severity in MS [53, [55] [56] [57] , conversion from CIS to clinically definite MS (CDMS) [58] , and poorer nonverbal long-term memory performance [59] . These data were largely generated by observational studies that restrict the extent to which inverse associations can be attributed specifically to vitamin D. Properly designed and conducted [53] clinical trials are needed to further define the nature of this association.
Impact of Vitamin D Levels on Disease Activity Based on Post-Hoc Analyses from BENEFIT and BEYOND To our knowledge, no large randomized, double-blind, controlled, prospectively phase 3 trials have been conducted to study the impact of vitamin D levels on MS activity as a primary endpoint. However, in two phase 3 studies, the BENEFIT study [60] , and the BEYOND study [61] post hoc analyses were conducted to investigate this potential link.
The BENEFIT (Betaseron Ò in Newly Emerging Multiple Sclerosis for Initial Treatment) study was a randomized trial originally designed to evaluate the impact of early versus delayed IFNB-1b treatment in patients with CIS [62] [63] [64] . Patients with a first event suggestive of MS and a minimum of two clinically silent lesions on MRI were randomly assigned to receive interferon beta-1b (IFNB-1b) 250 lg (n = 292; early treatment) or placebo (n = 176; delayed treatment) subcutaneously every other day for 2 years or until diagnosis of CDMS, in which case they could switch to IFNB-1b therapy. All patients were then eligible to enter a prospective followup phase with open-label IFNB-1b for up to 5 years after randomization. Patients and study personnel remained unaware of initial treatment allocation throughout the study up to year 5. During the observation period, regular study visits were scheduled to collect clinical and MRI data, with visits at baseline and months 3, 6, 9, 12, 18, 24, 36, 48, and 60 [64] . A post hoc analyses aimed to determine whether vitamin D status [serum 25(OH)D levels] would predict disease activity and prognosis up to 5 years after the first attack in early-disease CIS patients [60] . Serum samples were collected at baseline, 6, 12, and 24 months and levels of 25(OH)D were measured (by ELISA). Of the 468 patients included in BENEFIT, 465 patients had at least one 25(OH)D measurement, 417 had two or more, 396 had three or more, and 303 had all four measurements. 25(OH)D levels were seasonally adjusted to obtain an estimate of long-term 25(OH)D status. To minimize the possibility that lower 25(OH)D levels were a consequence, rather than the cause, of MS severity, the cumulative average 25(OH)D levels at 12 months were related to the outcomes between 12 and 60 months or between 24 and 60 months (thereby allowing inserting a 1-year lag between 25 [OH]D measurements and the assessment of MS activity or progression) [60] . Three sets of analyses were performed: (1) continuous 50-nmol/L (20-ng/mL) increments to determine the overall linear trend; (2) quintiles to explore the dose response; and (3) categorical analysis using C 50 nmol/L versus\50 nmol/L (20 ng/mL) [60] .
Findings indicated that patient characteristics affected vitamin D levels. Those with higher (seasonally adjusted) 25(OH)D levels tended to be younger and to have a lower body mass index (BMI), a lower number of T2 lesions, and a higher brain volume at the CIS stage, but otherwise were similar to patients with lower levels of 25(OH)D [60] .
Over [60] . CopyrightÓ2014 American Medical Association. All rights reserved 1b. Across all analyses, associations were generally stronger for MRI than for clinical outcomes. Nevertheless, ''the latter were still remarkable considering the overall low rate of relapses (0.2 per year) and small EDSS score change (median change, 0.0) in BENEFIT'' [60] .
Strengths of the BENEFIT study included (1) its longitudinal design, (2) the exclusive recruitment of patients at the CIS stage, (3) the use of repeated serum 25(OH)D measurements, (4) the large number of patients, (5) standardized treatment (e.g., early vs. late IFNB-1b), and (6) rigorous clinical and MRI assessment of all patients during a 5-year period. Limitations of the study included (1) the fact that most patients were eventually treated with IFNB-1b and some crossed over during the 2 years of the study, and (2) while a clear dose response was observed for the most sensitive MRI outcomes, the effects did not reach a plateau level, and, therefore, serum 25(OH)D levels greater than the median 69 nmol/L could have had a greater effect. According to the authors, a low 25(OH)D level early in the disease course is a strong risk factor for long-term MS activity and progression in patients with early MS who were treated with IFNB-1b [60] .
The BENEFIT cohort had an early treatment group and a delayed treatment group. The associations of 25(OH)D levels and MS activity were more pronounced for patients in the early treatment group than for those in the delayed treatment group (Table 2 [60] and Fig. 7 [66] ), although a test for interaction between 25(OH)D levels and treatment assignment was significant only for the time to CDMS (P = 0.04) [62] . These results suggest that early treatment with IFNB-1b may have an additive effect along with 25(OH)D to reduce disease severity and progression in both clinical and imaging outcomes.
To explore the mechanistic rationale for the potential additive effects of 25(OH)D levels and early IFNB-1b treatment, Munger and colleagues conducted a global gene expression analysis in which expression profiles were measured at various time points among participants in the BENEFIT clinical trial [67] . The relationship between genes or gene sets expressed in association with 25(OH)D and those associated with MS activity was examined. The numbers of Gd?-enhancing lesions served as a marker of disease activity. A 50 nmol/L increase in serum 25(OH) levels reduced the Gd? lesion count by 55%. Adjusting for gender, age, treatment, and treatment -25(OH)D interaction did not alter the significance of the findings. Gene expression in whole blood was studied in 295 individuals, evaluating approximately 19,000 genes. All data were adjusted for age, sex, treatment, time of follow-up, and T2 lesion score at baseline CDMS Clinically definite multiple sclerosis, RR rate ratio a Includes new T2 lesions, new Gd ? -enhancing lesions, and enlarging T2 lesions
Reduced Gd? lesion count was significantly associated with increased expression of 25(OH)D-related genes, an effect that was independent of IFNB-1b treatment. This effect was also noticed when looking at single genes that were associated with regulation of 25(OH)D levels. The authors hypothesized that there was an additive effect of 25(OH)D and IFNB-1bin reducing Gd? lesion counts [67] . The second data set from randomized, double-blind, phase 3 trials in MS was derived from the BEYOND (Betaseron Ò Efficacy Yielding Outcomes of a New Dose) study [61] . Compared with the BENEFIT study, the BEYOND study included patients with established MS (vs. patients with CIS) and was shorter in duration (2 vs. 5 years). It also included considerably more patients (1482 vs. 465) and was conducted in different geographical regions (North America, Western and Eastern Europe, Southern Hemisphere vs. Europe and Canada).
BEYOND was a large, phase 3, prospective, multicenter, blinded, randomized clinical trial. Patients were monitored for at least 2 years. Clinical visits were scheduled every 3 months, and an MRI was performed at baseline and annually thereafter. A post hoc analysis assessed 25(OH)D levels and the subsequent MS disease course and disease progression as characterized by MRI and clinical endpoints [58] . (Fig. 8) [61] . The lowest rate of new lesions was observed among patients with 25(OH)D levels[100 nmol/L (RR, 0.53; 95% CI, 0.37-0.78; P = 0.002). No significant associations were found between 25(OH)D levels and change in brain volume, relapse rates, or EDSS scores [61] . Strengths of this study include the large number of participants, the regionally [66] diverse population with varying baseline characteristics, and the repeated measurements of 25(OH)D, which helped characterize patients' long-term vitamin D status. The relatively short follow-up is the most important limitation of this study. This limited follow-up may explain the lack of association between serum 25(OH)D levels and measures of brain atrophy or clinical endpoints, both of which were modified by 25(OH)D in the longer BENEFIT study [60, 61] . Regarding targeted vitamin D levels, the authors stated: ''Our observation of the lowest level of MS activity among patients with serum 25(OH)D levels above 100.0 nmol/L [40 ng/mL] is consistent with the results of a previous investigation in the US [50] , and suggests that the 25(OH)D levels in most patients with MS who are not receiving supplemental vitamin D may be suboptimal'' [53] .
Effects of Disease-Modifying Therapies on Vitamin D Levels in MS Patients
MS disease activity may be additively affected by vitamin D and IFNB-1b [60] . This hypothesis is supported by investigations from the same researchers suggesting that processes regulated and triggered by 25(OH)D may be additively enhanced by IFNB-1b [67] , and independently by observations from Stewart and colleagues from the Menzies Research Institute in Tasmania [68] . In an observational cohort study, conducted in 178 patients with MS, vitamin D levels were measured every 6 months over an average of 2.2 years. Patients who took an interferon had significantly higher 25(OH)D levels than those who did not (P\0.001). Each 10-nmol/L increase in serum vitamin D was associated with a 10% lower relapse rate. Interestingly, interferon treatment was protective only against relapse among persons with higher vitamin D levels. Among those with insufficient vitamin D, there was an increased risk of relapse despite interferon treatment. The investigators hypothesized that treatment with IFNB may increase serum vitamin D levels through enhanced responsiveness to sun exposure and recommended that persons being treated with IFNB should have vitamin D status monitored and maintained in the sufficiency range [68] . Also, noteworthy from these data, this group did not find similar associations for glatiramer acetate (GA) therapy and vitamin D.
The notion of complementary or even synergistic effects of IFNB and vitamin D is further supported by observations from Rotstein and coworkers based on the CLIMB (Comprehensive Longitudinal Investigation of MS at Brigham and Women's Hospital) cohort [69] . The CLIMB cohort is a prospective cohort study that began enrolling patients in 2000. The objective of the study was to determine whether 25(OH)D levels predicted new disease activity in MS patients treated with IFN-b (n = 96) or GA (n = 151). Separately, due to different selection criteria, a similar analysis was conducted for patients treated with fingolimod (FTY, n = 77). Serum 25(OH)D concentration was adjusted for season, and patients were divided into subgroups by 25(OH)D tertile. The primary study endpoint was 'time to first inflammatory event', defined as a combination of either first relapse or first Gd? lesion, using a Cox model adjusted for age, sex, and disease duration. The results demonstrated higher 25(OH)D levels associated with a longer time to the combined first event in the IFNB subgroup [hazard ratio (HR) IFNB = 0.58; P IFNB = 0.012], but not in GA-treated participants (HR GA = 0.89; P GA = 0.50). For Gd? lesions alone, there was a significant association observed in GA and IFNB subgroups, although the effect was more pronounced with IFNB (HR GA = 0.57; P GA = 0.039 vs. HR IFNB = 0.41; P IFNB = 0.022). No significant associations were found for relapses. There were some sampling difficulties in this cohort and, therefore, the results need to be interpreted with certain caution. For FTY, due to the mandated first-dose observation, samples were available for all patients. Higher 25(OH)D was associated with a longer time to the first event (HR FTY = 0.48; P FTY = 0.016) and with relapses (HR FTY = 0.50; P FTY = 0.046), but not with Gd? lesions [69] . The large, prospective cohort and the prolonged follow-up times were strengths of this study, as well as the availability of two 25(OH)D measurements for the majority of patients. However, more regular 25(OH)D measurements would have been ideal and offered greater insights into study conclusions [69] .
Studies Contradicting the Association of Vitamin D Levels with Disease Activity
Contradictory to the aforementioned information are findings reported by researchers from Norway [70] . In this small prospective cohort study, 88 patients with RRMS were followed with regular MRI and 25(OH)D measurements during 6 months before and up to 18 months after initiation of IFNB. During the pre-IFNB treatment phase, higher levels of 25(OH)D were associated with reduced MRI activity; each 10-nmol/L increase in 25(OH)D was associated with 12.7% (P = 0.037) lower odds for new T1 Gd ? lesions, 11.7% (P = 0.044) lower odds for new T2 lesions, and 14.1% (P = 0.024) lower odds for combined unique activity. However, there was no association between 25(OH)D and disease activity after initiation of IFNB. With clinical measures, neither the occurrence of relapses nor EDSS progression was associated with 25(OH)D levels during both study phases. Strengths of the study were the prospective design and the frequent MRI and 25(OH)D assessments during the observation period. Limitations were the relatively short time on IFNB and the small number of participants, as well as the minimal 4 nmol/L increase in serum vitamin D levels following vitamin D supplementation. In the discussion of the study results, the authors expressed their surprise about the lack of an association between 25(OH)D levels and MRI after initiation of IFNB, ''as there is no evidence suggesting that the immunomodulatory effects of vitamin D are counteracted by IFNB or vice versa. A reasonable explanation is that IFNB reduced radiologic disease activity, leaving relatively little left to be reduced'' by vitamin D [70] .
THE ROLE OF SUPPLEMENTAL VITAMIN D IN MS
When reviewing available data discussing the effects of vitamin D and MS, of key interest is whether vitamin D supplementation can favorably alter the course of MS. Unfortunately, current evidence does not offer consensus to answer this question. Studies with vitamin D alone or with vitamin D as an add-on to a disease-modifying therapy are conflicting [22, [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] [81] . Although these studies are generally small, largely uncontrolled, and used highly variable doses of vitamin D, it can be noted that there are initial promising data arguing for vitamin D supplementation in patients with MS [22, [75] [76] [77] [78] [79] [80] [81] . Furthermore, recent investigations with immunological response markers suggest that vitamin D supplementation in patients with MS exhibits in vivo pleiotropic immunomodulatory effects in MS [82] , and lacking evidence of a treatment effect does not necessarily demonstrate proof of no effect.
Studies Supporting the Benefit of Supplemental Vitamin D
Researchers from Finland conducted a 1-year, randomized, double-blind, placebo-controlled trial with vitamin D3 as an add-on treatment to IFNB-1b in patients with MS. Thirty-four patients were randomly assigned to the treatment group (vitamin D, 20,000 IU/week vitamin D3 (cholecalciferol), and IFNB-1b) and 32 to the control group (placebo and IFNB-1b) [75] . The primary outcome measure was an MRI T2 burden of disease (BOD), which tended to increase more in the placebo group (median change of 287 mm 3 ) than in the vitamin D group (median change of 83 mm 3 ); however, the difference was not statistically significant (P = 0.105) (Fig. 9 ) [75] . Results for other MRI outcomes were mixed. The number of T1 Gd? lesions decreased in both groups (P = 0.002), but the change was significantly higher in the vitamin D group (P = 0.04). New/enlarging T2 lesions at the 12-month point trended higher in the placebo group, but the differences were not statistically significant (P = 0.286). The percentage of patients with MRI activity (12-month time point) trended lower in the vitamin D group, but these differences also did not reach significance (P = 0.322). While there was no significant difference in annual relapse rate demonstrated between groups, there was a tendency toward reduced disability accumulation as measured by EDSS (P = 0.071) and toward improved timed tandem walk (P = 0.076). There were no significant differences in adverse events between the groups. The authors concluded that larger randomized, controlled trials with more than 1 year of follow-up are warranted to confirm the promising MRI results and to fully address clinical outcomes [75] .
A study by Burton and colleagues introduced earlier in this manuscript in the context of the safety profile of higher doses of vitamin D supplementation also offers insight into the role of vitamin D supplementation and the disease course of MS [22] . In this open-label, controlled trial, patients were randomized to a vitamin D treatment group (n = 25, escalation protocol 4000-40,000 IU/day, mean 14,000 IU/day) or to a control group (n = 24, received vitamin D3 4000 IU/day if desired). Despite the high doses of vitamin D, no significant adverse events occurred during the 52-week study period. The annualized relapse rate during the trial year was lower in the treatment group than in the control group (0.26 vs. 0.45; P = 0.09), and more patients in the treatment group remained relapse free. Additionally, the treated patients reported a persistent reduction in T-cell proliferation compared with controls, and treatment group patients appeared to have fewer relapse events and a persistent reduction in T-cell proliferation compared to controls. Study limitations included the use of supplementation or other agents in the control group, the small sample-size, and thus the limited power [22] .
The Danish Multiple Sclerosis Center prospectively gathered data in a cohort of 170 natalizumab-treated patients during winter 2009-2010 (baseline) with follow-up during the subsequent winter [78] . Patients with insufficient serum 25(OH)D levels (selected cut-off 50 nmol/L) at baseline were advised to take Vitamin D supplements according to Danish recommendations: 2000 IU for patients with levels between 25 and 50 nmol/L, 3000 IU for Additionally, after 3 months these ''deficient'' patients scored better on the Brief Visuospatial Memory test delayed recall (BVMT-DR, P = 0.02) and the montreal cognitive assessment (MoCA, P = 0.006), but not on the symbol digit modalities test (SDMT) and Stroop. The authors concluded that the lack of significant change on the SDMR and Stroop testing was due to the short disease duration and the propensity for study participants to perform within normal ranges for these tests.
Alternatively, ''sufficient'' patients continued their usual treatment that may have included vitamin D3 supplementation at various dosages. These patients reported 25(OH)D levels at 64.2 ± 18.7 ng/mL (160.5 ± 46.8 nmol/L) at study end. Sufficient 25(OH)D levels predicted better cognitive performance on the BVMT-DR at baseline and 3 months after adjusting for all measured confounding variables. Study limitations included a small study population (N = 88), short study duration (3 months), and a quarter of the patients not returning to the month 3 visit. The authors also described not allowing true control for other sources of vitamin D as other possible confounders, such as sun exposure and dietary vitamin D [79] .
Only available in abstract format are the results of two studies which evaluated the benefits and risks associated with high-dose vitamin D supplementation in patients treated with IFNB-1a. Although both failed to demonstrate an effect on clinical parameters, their MRI results demonstrated positive results.
• SOLAR is a randomized, double-blind, placebo-controlled, multicenter, phase 2 study. Two hundred and twenty-nine patients with a 25(OH)D serum level below 150 nmol/L were randomly assigned to cholecalciferol at a dose of 14,000 IU per day or placebo [80] . All patients received subcutaneous IFNB-1a.
After recruitment delays, the study design was adjusted and the percentage of patients with ''disease activity free'' status (defined as no relapses, no EDSS progression, and no new Gd? or T2 MRI lesions) at week 48 were introduced as a new primary endpoint. This endpoint was not met (37.2% for cholecalciferol group vs. 35.3% for placebo group, P = 0.912). Likewise, no differences between groups for other clinical parameters such as ARR or EDSS were found. However, results regarding the MRI parameters were promising with a significant 32% reduction in the number of new, combined, unique active lesions in the cholecalciferol group (P = 0.005). Furthermore, there was a trend toward more cholecalciferol recipients being free from new T1 hypointense lesions, which became significant in those aged 18--30 years. The short duration of the trial (48 weeks) and the relatively small sample size (229 patients) may have led to the lack of significance of the clinical outcomes. For comparisons, most randomized trials of new MS drugs recruited over 800 patients to be able to demonstrate a significant effect vs. placebo. Despite the large sizes, some were not able to show a significant effect on disability progression (e.g. CONFIRM study [83] TRANSFORMS [84] ). Additionally, these data are not placebo-controlled, but rather an active comparator. Also, the power analysis is not designed to assess a minor effect and would require[10,000 patients.
• Likewise, the second study was a randomized, placebo-controlled, phase 2 study [81] . One hundred and twenty-nine patients (N = 129) were randomly assigned to receive 100,000 IU of cholecalciferol twice monthly (equivalent to a daily dose of 7143 IU) in addition to IFNB-1a over a 24-month period. Again, significant effects in favor of vitamin D supplementation were found for selected MRI parameters such as new or enlarged weighted T1 and T2 lesion, but no effect was found for clinical parameters [81] . A preliminary study from Iran conducted by Etemadifar and colleagues assessed the safety and efficacy of high-dose vitamin D supplementation during pregnancy in women with MS [76] . Fifteen pregnant women with confirmed MS and with serum 25(OH)D levels\50 nmol/L (20 ng/mL) were randomly allocated to received 50,000 IU/week (daily dose of 7143 IU) vitamin D3 or routine care from 12 to 16 weeks of gestation until delivery. 25(OH)D levels increased significantly and no significant adverse events occurred. The women in the vitamin D group had significantly fewer relapses during pregnancy (0 vs. 5; P\0.05), a tendency for fewer relapses up to 6 months after pregnancy (0 vs. 4; statistically nonsignificant), and a more stable EDSS than those without supplementation. The authors advocated for adding high-dose vitamin D3 supplementation during pregnancy to the routine care of women with MS. Study limitations included a small sample size, and conclusions are limited by the loss to follow-up of 37 out of 52 of the original baseline cohort [76] .
The role of vitamin D supplementation in patients with MS was also evaluated by Jelinek and colleagues, with the authors taking a very different epidemiological approach [77] . This was an internet survey among 2301 patients with MS who self-reported data on geographical location, intentional sun exposure for health, supplementation with vitamin D, and other lifestyle variables, as well as self-reported doctor-diagnosed relapse rates and disability (Patient Determined Disease Steps). Survey participants were asked to respond to a healthrelated quality-of-life (HRQoL) questionnaire. Bivariate and multivariate analyses were used for comparisons, including multiple linear regression modeling. Nearly two thirds of respondents (64.6%) lived in the Northern Hemisphere, mostly in developed countries. Most (82.3%) were female, with a median age of 45 years (interquartile range [IQR]: 38-53 years) and a median time since diagnosis of 6 years (IQR: 3-12 years), with the majority (61.6%) having RRMS. More than 80% of the patients indicated that they took vitamin D supplements, mostly between 2000 and 5000 IU daily (Table 3 ) [77] , and 67% reported intentional sun exposure to raise vitamin D levels.
Unadjusted regression modeling incorporating deliberate sun exposure, latitude, and vitamin D supplementation showed strong associations between sun exposure and HRQoL. However, the effect disappeared when controlling for age, disability, physical activity, and fish consumption. In contrast, the associations between supplementation of vitamin D and HRQoL were maintained when adjusting for these variables, with a dose-response effect. The beneficial effect of vitamin D supplementation on HRQoL was considered to be of ''clinically significant magnitude'' [77] . Lower annualized relapse rates were significantly associated with taking vitamin D supplementation vs. not taking supplements. The dose taken seemed to be of less importance. No effect on disability was found for either supplementation or deliberate sun exposure, but an increase of latitude by 1°( farther from the equator) predicted increased odds of moderate or high disability [77] . The large data set may compensate for some of the limitations of this study design. Vitamin D supplementation (along with all other measures) was self-reported and not validated with blood tests. No validated tool exists for quantifying variables like deliberate sun exposure; in this study, the question required simply a yes/ no answer [78] . Furthermore, there might be a selection bias in terms of the patients included, as respondents to such Internet surveys are patients who are typically very ''engaged'' with their situation and disease.
Studies Contradicting the Benefit of Supplemental Vitamin D
A study by Stein and colleagues is widely discussed among those not supporting vitamin D supplementation [72] . In this 6-month, doubleblind, placebo-controlled, randomized trial, patients were allocated to either high or low dose of vitamin D2. The high-dose regimen was 6000 IU twice daily, the low-dose regimen 1000 IU daily. Twenty-three patients were included (11 in the treatment arm, 12 in the control group). There were no significant differences between the groups on the two primary endpoints-cumulative number of new Gd? lesions and change in the total volume of T2 lesions-nor were there differences on clinical outcome measures, such as number of relapses and effect on EDSS [72] . Neurology, in which the manuscript was published, ranked the study as providing class I evidence, but this rating is arguable. Although the study was double-blind, placebo-controlled, and randomized, the sample size was very small (N = 23). Moreover, there were withdrawals (two in the low-dose group, one in the high-dose group), and one patient from the low-dose group was partially excluded from MRI analyses due to brain surgery. Although the authors stated that the two groups were well matched, one patient (in the highdose group) had 38 Gd? lesions at baseline, while all other patients had between two and five Gd? lesions at baseline. The low-dose group was, on average, 10.5 years older than the highdose group; importantly, the number of exacerbations in MS declines over time, biasing the data in favor of the low-dose group. In addition, this study compared low-dose and high-dose vitamin D administration and did not utilize a concurrent control group of subjects that did not receive any supplemental vitamin D. Finally, even though vitamin D2 seems to be a less potent form of vitamin D than vitamin D3 in all primate species [17] , the 1000-IU/day regimen for the low-dose group is above what the IOM recommends in terms of daily intake [4] and both groups may have benefited from vitamin D supplementation.
In a 96-week, randomized, controlled trial designed to evaluate the effects of supplementation with 20,000 IU/week of vitamin D (averaged to approximately 2800 IU/day) on bone mineral density in 35 MS patients, Kampman and colleagues found that consumption of vitamin D did not result in beneficial effects on the measured MS-related outcomes, which included annualized relapse rates. However, the study was not powered to address clinical outcomes [73] . The authors suggested that the low annualized relapse rate seen at baseline could have contributed to the absence of significant effects in this study. Study limitations included a small sample size (N = 68), which may be inadequate for assessing effects on clinical outcomes [73] .
Furthermore, two studies from Iran did not find a beneficial effect of vitamin D supplementation on clinical or MRI outcome measures in patients with RRMS. Shaygannejad and colleagues studied 50 patients in a 12-month, randomized, double-blind, placebo-controlled, phase 2 clinical trial [74] . The 25 patients in the treatment group received 4000 IU/day of vitamin D for the first 2 weeks and were thereafter escalated to 8000 IU/day in addition to their disease-modifying agent. The control group (n = 25) was treated with placebo combined with disease-modifying therapy. In a separate study, Mosayebi and colleagues evaluated the effects of vitamin D3 supplementation at a dose of 300,000 IU/month vs. placebo in a randomized, prospective study with 62 patients [71] . Over the 6-month observation period, no differences between groups on either EDSS or Gd? lesion count were observed, but immune-inhibitory transforming growth factor beta and interleukin 10 were significantly higher in the vitamin D-supplemented group compared with placebo [71] .
Several of the studies above were included in a meta-analysis conducted by James and colleagues evaluating the effect of vitamin D-related intervention trials on MS relapses [85] . The five studies [22, [72] [73] [74] [75] included 129 patients with high-dose vitamin D supplementations and 125 controls. Administered doses of vitamin D supplementations, study designs, patient populations, outcome parameters, and observation period were considerably variable among the assessed studies. Given these differences, the numerous limitations of each of these studies and the mixed reported study results, it is not surprising that the meta-analysis did not find a significant association between vitamin D treatment and the relative risk of relapse in MS [85] . In the view of the authors, ''further larger and more prolonged studies…are merited'' to better understand the role of vitamin D supplementation in MS [85] . [88, 90] is a randomized, controlled, phase 3 study that aims to include 172 patients in the US. After a run-in phase of 1 month on GA, patients will be assigned to low-dose (600 IU/day) vs. high-dose (5000 IU/day) vitamin D3 as an add-on therapy to GA. This academic study is currently recruiting patients and will terminate in 2018 [86, 88] . Clinical and MRI parameters will also be evaluated. In aggregate, studies suggest that vitamin D supplementation may be beneficial for patients with MS and others. However, the study limitations identified in this review recognize the need for larger controlled clinical trials to establish vitamin D supplementation as the standard of care for MS patients. Though there is increasing evidence indicating that lower vitamin D levels are associated with increased risk of MS and greater clinical and brain MRI activity in established MS, the impact of vitamin D supplementation on MS activity remains inadequately investigated. There is no consensus on ''sufficient'' vitamin D levels. In the view of IOM, 25(OH)D levels greater than 50 nmol/L (20 ng/mL) are sufficient. The Endocrine Society argues for 75 nmol/L (30 ng/mL) or higher, based on a medical model which takes into account skeletal and non-skeletal health. Numerous studies suggest that serum 25(OH)D levels of approximately 100 nmol/L (40 ng/mL) are the lower limit for controlling MRI and clinical activity in patients with MS. More research is needed to establish the recommended levels of vitamin D supplementation necessary to reduce the risk for MS and MS clinical activity.
Ongoing Studies Evaluating the Role of Supplemental Vitamin D in MS
SUMMARY AND CONCLUSIONS
In conclusion, based on the data reviewed, identification and correction of vitamin D insufficiency with supplementation at recommended doses is a sensible clinical action/course/target/objective and one that provides a favorable risk-benefit profile for vitamin D for most patients with MS.
